Regulatory thermogenesis occurs upon exposure to the cold or during food intake. Among a variety of mechanisms leading to heat production, uncoupling of respiration in brown adipocyte mitochondria appears to be a major contributor to resistance to the cold in rodents. This uncoupling mechanism is due to the activity of uncoupling protein-1 (UCP-1), a speci®c carrier present in the inner membrane of mitochondria. The recent identi®cation of UCP-2 and UCP-3, two homologues of the brown fat UCP, suggested that respiration uncoupling could contribute to thermogenesis in most tissues. Activity and expression of the three UCP's are stimulated by several neuromediators and hormones such as noradrenaline, tri-iodothyronine and leptin.
Thermogenesis
Thermogenesis in mammals is a spontaneous mechanism allowing body temperature of most mammals to be maintained around 37 C in a cold environment. Thermogenesis comprises obligatory thermogenesis and regulatory thermogenesis. Obligatory thermogenesis corresponds to resting energy expenditure and minimal biological work essential for life in resting conditions, in absence of food intake, and at thermoneutrality. Regulatory thermogenesis, also called adaptive thermogenesis, corresponds to extra heat induced by exposure to the cold or food intake. Exercise is also a major situation generating heat. Finally, infection by bacteria may result in fever, which is a very thermogenic process.
Thermogenic organs and thermogenic mechanisms
The relative importance of thermogenic organs differs according to the species. In large mammals, the skeletal muscle is the major thermogenic organ and the liver has a high speci®c thermogenic activity. In rodents, the major site of thermogenesis (at least for thermogenesis induced by noradrenaline) is the brown adipose tissue (BAT). It has been known for many years that thermogenesis is proportional to oxygen consumption and is dependent on the level of oxidation of substrates by mitochondria in tissues. At the cellular level, thermogenesis results from loss of energy during a number of biochemical processes coupling endergonic and exergonic reactions, and linked in particular to ATP hydrolysis and ion transport. Biochemical reactions referred to as futile cycles are thermogenic. Uncoupling of mitochondrial respiration from ADP phosphorylation is a highly thermogenic mechanism existing in BAT.
Neuromediators and hormones controlling thermogenesis
The hormonal factors regulating basal thermogenesis are not well known, excepted that it has been shown that thyroid hormones play a major role in modulating resting energy expenditure. Such evidence comes from analysis of patients exhibiting hypo-or hyperthyroid activity, and was con®rmed by experimental work on animals. The sympathetic nervous system and noradrenaline are the major regulators of adaptive and cold-induced thermogenesis. 1 Recent data point out the thermogenic effect of leptin, acting via the brain and activation of the sympathetic ®bers.
Brown adipose tissue and the mitochondrial uncoupling 1: a major control of thermogenesis by the sympathetic nervous system
The brown adipocytes are characterized by the presence in the inner mitochondrial membrane of the uncoupling protein UCP1, which uncouples respira-tion from phosphorylation and leads to the dissipation of energy as heat. This thermogenic function of BAT is under the control of catecholamines acting through adrenoceptors. 1 ± 4 Although in large mammals (ovines, bovines, dogs, humans) BAT is present in neonates 1, 3 and hardly detectable in adults, the presence of large amounts of UCP has been shown in perirenal adipose tissue of adult human patients with phaeochromocytoma.
2 UCP gene expression can therefore be induced in adipose tissue of adult man in certain conditions. Moreover, studies on Finnish outdoor workers, and recent studies in either adult patients with various pathologies or alcohol consumers indicate that, in fact, a low but signi®cant amount of BAT does exist in human adults.
2 During the past 10 y, the interest of several pharmaceutical groups has focused on b 3 -adrenoceptor agonists, which mimic the action of noradrenaline and could be useful in stimulating UCP1 in brown adipocytes and increasing energy expenditure in obese patients. 2 Unfortunately, these drugs often proved to have undesirable side-effects on the cardiovascular system and other tissues associated with agonist activity at b 1 -and b 2 -adrenoceptors, or have a poor bioavailability. In addition to catecholamines, several hormones activate UCP1 gene transcription: thyroid hormones, retinoids and ligands of peroxysome-proliferator-activated-receptors. 2 The novel uncoupling proteins UCP2 and UCP3
It was known for a long time that only 50% of the energy released from respiratory substrate oxidation was recovered as ATP and also that any respiring mitochondria release heat. Measurement of proton leaks in liver and muscle mitochondria favored a role for proton leak in the less than perfect coupling of O 2 consumption to ATP synthesis. 5, 6 Remarkably, Brand and his colleagues calculated that proton leak contributed 27% of the resting O 2 consumption of hepatocytes and up to 52% of the resting O 2 consumption of rat perfused muscle. 5, 6 The existence of proton leaks suggested that proteins related to UCP1 might be involved and lead to the cloning of a UCP homolog referred to as UCP2, from a cDNA library of skeletal muscle. 7 An UCP2 cDNA was also isolated by another group. 8 The analysis of UCP2 mRNA in mouse and human tissues showed a wide expression of UCP2 in a variety of tissues such as white adipose tissue, brown adipose tissue, skeletal muscles, heart, placenta, brain, stomach, kidney, lung and liver; UCP2 mRNA is also present at high level in spleen, thymus and all organs containing macrophages and lymphocytes. 7, 8 The level of homology between UCP2 and UCP1 suggested a possible uncoupling activity of UCP2. Functional studies of UCP2 expressed in yeasts revealed that UCP2 lowered the mitochondrial membrane potential, suggesting it decreased the level of coupling of respiration. 7, 8 Human and mouse UCP3 cDNAs were recently cloned. 9 ± 11 The predicted aminoacid sequence of human UCP3 is 57% identical to human UCP1 and 73% identical to human UCP2. It was proposed that UCP3 is another mitochondrial protein able to modulate the respiratory control of mitochondria. In comparison with UCP1, which is unique to brown adipocytes, and UCP2, which is widely expressed, UCP3 mRNA seems to be dominantly expressed in skeletal muscles, heart and brown adipose tissue. 9 ± 11 Neuromediators and hormones controlling expression of UCP2 or UCP3
Recent studies showed that the synthesis of these novel uncoupling proteins is positively controlled by thyroid hormones. These studies reinforce the putative role for UCP2 and UCP3 in energy expenditure and are in agreeement with the genetic linkage of the UCP2aUCP3 locus to resting metabolic rate in human.
12 Noradrenaline is not a potent activator of UCP3 or UCP2 expression. Interestingly, leptin activates UCP2 and UCP3 expression. 11, 13 12 Bouchard C, Pe Ârusse L, Chagon YC, Warden C, Ricquier D.
Linkage between markers in the vicinity of the uncoupling protein 2 gene and resting metabolic rate in humans. Hum Mol Genet 1997; 6: 1887 ± 1889. 
